The paper presents a proposal for the treatment of river water based on expanded clay (ceramsite). It is a lightweight mineral aggregate containing components relative to phosphorus adsorption (calcium, iron, manganese, aluminum). A pilot plant on a fractional technical scale was built on a nutrient rich (phosphorus up to 0.4 mg dm ), natural watercourse (Młynówka River, a tributary of the Otok Channel, Noteć basin, the municipality of Strzelce Krajeńskie). The monitoring included quantitative and qualitative measurements of the water stream in 2014-2015. On the basis of the examinations, the calculated effectiveness of ceramsite filters in removing major contaminants from water was: for total nitrogen 5-6%, phosphorus 12-16%, and for suspensions 17-29%. The effectiveness of the treatment is highly influenced by hydraulic load, so this type application on a full-scale should occupy a sufficiently large volume. Taking into account simplicity of performance, ease of operation and low cost of construction and maintenance, such pretreatment plants based on expanded clay would seem to be a promising tool for the protection of surface waters in catchments of small rivers and streams.
Introduction
"It is better to prevent than treat" is a fundamental statement for hydrologist practitioners dealing with the welfare of lakes and rivers. Although many water reclamation techniques have been adopted so far (Cooke et al. 2005; Łopata 2013; Wiśniewski 2004) , each effort aimed at reducing the external load of biogenes should be treated as a priority considering the inevitable progress in eutrophication of water ecosystems (Grochowska et al. 2016; Soszka et al. 2016) . Only highly effective protective actions may ensure relatively long-standing restoration of the good condition of surface waterswhether dependent upon natural self-treatment processes or purposefully engineered actions involving reclamation interventions that accelerate the ecosystem's recovery.
Today, in accordance with the implementation of guidelines of the National Program for Municipal Wastewater Treatment, larger cities in Poland usually already possess modernized sewage systems, both sanitary sewerage and storm water drainage systems, as well as high-performance wastewater treatment plants. The problem of poorly organized water supply sewage disposal more often affects villages, where owing to a lower population density and significantly greater distances between households, there is no economic rationale for the construction of collective sewerage systems and treatment plants. Many households still illegally discharge sewage directly to the ground or water. Moreover, considering the high frequency of land utilization for agriculture, the above factors mean that even small watercourses easily become saturated with biogenic contaminants. As a consequence, such dispersion of surface water pollution contributes to high con-tamination loads in river networks. The fact that waters of watercourses rich in biogenic matter effectively deteriorate the quality of the stagnant waters they flow through is also of great significance. Hence, increasing attention is being paid to the search for solutions that would eliminate biogene inflow into the water in the upper sections of catchment areas, directly in the zones where pollution runoffs are formed from dispersed and land sources. Possible approaches include the use of sorption materials, in-ground treatment systems or phytoremediation techniques. The sorptive capability of the applied bed plays a key role in the effectiveness of installations of this type (Drizo et al. 1999) .
Many new technological solutions have been proposed in the last few years in the field of wastewater and sewage treatment. One of them is ceramsite -a lightweight ceramic aggregate with physicochemical properties facilitating pollutant sorption. During the late 1990's the work of Norwegian scientists (Jenssen et al. 1993) demonstrated that expanded clay is characterized by a high capability for phosphorus sorption, reaching ca. 4.0 kg P yr -1 m -3
. This has stimulated attempts to apply ceramsite as a bed in constructed wetland systems (Zhu et al. 1997) . Currently, this aggregate is applied as a carrier of immobilized biomass in systems with a biofilm, or as a filtration layer in the subsurface leaching system or absorbing wells, and recently for water treatment in aquaculture (Masłoń and Tomaszek 2010) . However, very little can be found in the available literature on the possibilities of its application in installations removing contaminants directly from natural watercourses.
This manuscript presents the results of an in situ experiment performed over several months aimed at determining the effectiveness of ceramsite filters in the treatment of natural waters contaminated with biogenic compounds. Two pilot installations based on ceramsite were tested in a typical agricultural catchment of a small river, the Młynówka (Strzelce Krajeńskie District).
Study area
The River Młynówka runs through the Dobiegniew Lakeland in the Lubusz Province (Fig. 1) . From the hydrographic perspective, this watercourse belongs to the Oder River Basin. It feeds the Otok Channel being a right-bank tributary of the River Noteć.
Until the gauging section in Bronowice village (location of the first section of filters), the catchment area of Młynówka River extends to about 20 km 2 , whereas at the inflow to Lake Klasztorne Górne (the second experimental installation), the alimentation area of this watercourse increases to 28 km 2 (Łopata et al. 2015a ). In the area of the upper catchment most of the precipitation waters are retained in land depressions and multiple water ponds, and in practice do not feed the watercourse. This results in the Młynówka having a low mean annual discharge of, being relatively stable over the years and reaching 40 dm 3 s -1 on average. The watercourse is surrounded by hay-growing meadows and further by arable lands and wastelands. In addition, it is fed by post-production waters from a fish farm located in this area. The quality of the Młynówka water fluctuates over a wide range. Periodically, the concentration of biogenes approaches or exceeds the values indicating good quality of water (i.e. 0.4 mg dm -3 for phosphorus and 10.0 mg dm -3 for nitrogen). Currently, its waters are contaminated from dispersed and land sources, as water supply and sewage disposal have been regulated within the area of this water divide for the last few years (Łopata et al. 2015b ). The scope of land utilization of this typical agricultural catchment will not be subject to changes, which means that spontaneous reduction in concentrations of biogenic elements should not be expected. Hence, actions aimed at active protection of this watercourse have been undertaken which included the construction of two pilot installations using ceramsite as a filtration material.
Characteristics of installations for water treatment Section A
This installation was designed as a set of a few hundred sacks (0.2-0.25 m in diameter) made of fine-mesh PE net, filled with ceramsite aggregate, that had been solidly anchored in the river-bed. The sacks were anchored in their spacing so as to allow free water flow (Fig. 2) . Constructed in this way the bed has none of the characteristics of a dam and as such does not impair the water flow. Bed capacity reached 14,600 dm 3 of ceramsite.
Section B
This installation was based on the operating, modernized modular pretreatment plant, located at a distance of approximately 400 m from the junction of the River Młynówka with Lake Klasztorne Górne. Four modules (3.35×2.5×0.6 m in size) filled with filtration blocks made of polypropylene were used for water treatment and for capturing solid bodies (suspensions). Each module was constructed in a way that all water passes through the blocks. These blocks simultaneously served as a substrate for colonization by periphytic organisms and water treating/filtrating bacteria. Fillings of this type are applied for the treatment of water, municipal sewage, technological and industrial wastewater, and for the separation of liquids and solid bodies.
Modernization consisted in the exchange of the filling of 2 from 4 operating modules, i.e. in June 2014, (before the research period) mechanical filters (polypropylene bio-blocks) worn out during exploitation of the pretreatment plant were replaced by 9,600 dm 3 of ceramsite filling.
Methods
Field experiments were carried out seven times, from June 2014 to April 2015. Measurements were taken at several research stations: (i) for installation (A) in Bronowice -in front of and below the ceramsite filter section at a distance of one meter, (ii) for the pretreatment plant located before Lake Klasztorne Górne (B) -in front of the modules, behind them and behind the entire bed.
The in situ measurements included determinations of watercourse discharge -using Harlacher's method, through measuring the cross-section of the channel and point flow rates at hydrometrical verticals with a Valeport 801 electromagnetic meter. Water was sampled for laboratory analyses in polypropylene containers and preserved by cooling. The time span between sample collection to analyses did not exceed 12 hours. All analytical procedures were consistent with methodologies elaborated for surface waters (Hermanowicz et al. 1999) .
Water samples were determined for: (i) total suspended matter -with the gravimetric method after filtrating water samples through a GF/C type filter, using a RADWAG E42S analytical scale, (ii) mineral phosphorus -spectrophotometrically with ammonium molybdate and tin (II) chloride as a reducer (690 Fig. 1 . Catchment area of the Młynówka River watercourse and locations of experimental channel pretreatment works nm), (iii) total phosphorus -analogously as above, after sample mineralization with sulfuric acid (31:100) and ammonium peroxydisulfate, (iv) organic phosphorus -its content was computed as the difference between contents of total and mineral phosphorus, (v) ammonium nitrogen -spectrophotometrically with the indophenolic method (690 nm), using a Nanocolor VIS spectrophotometer by Machenery-Nagel, (vi) nitrate nitrogen -spectrophotometrically (410 nm) applying the method with phenyldisulfonic acid and disodium versenate in the alkaline medium using a Nanaocolor VIS spectrophotometer by Machenery-Nagel, (vii) total nitrogen -with the chemiluminescence method using a TOC-TN IL 550 apparatus by Hach, and (viii) organic nitrogen -its content was computed as the difference between total nitrogen content and the sum of its mineral forms.
Results and discussion
In this study, lightweight expanded clay aggregate (ceramsite) was applied as a sorption material for the construction of filtration beds. It is an artificial, highly porous aggregate made of heat-treated mineral materials (mainly clay and silts). Ceramsite grains have evenly distributed small internal pores, the diameters of which do not exceed 1.0-1.5 mm. The chemical composition of the aggregate is shown in Table 1 . Apart from being the main component of the grains, the predominating components of silica include calcium, iron, manganese and aluminum, i.e. minerals capable of phosphorus sorption -the key element responsible for eutrophication of waters. Hence, this material is an efficient sorbent of phosphate ions. In turn, its openwork spatial structure enhances the growth of biomass of microorganisms (Masłoń and Tomaszek 2010) whose metabolism facilitates nitrogen removal from flowing-through waters (via denitrification processes) and immobilization of both biogenes in the growing biomass (Öövel et al. 2007) .
Results of analyses of the operation of both installations demonstrated a positive effect of bed application on concentrations of major biogenes in the investigated watercourse. Tables 2 and 3 present the variability ranges of concentrations of individual forms of the analyzed bioelements and values of the temporary reduction in concentrations of the analyzed pollutants.
Regardless of location, analytical period and type of ceramsite bed, the highest effectiveness of phosphorus sorption (up to 47.6%) was obtained for its mineral forms -phosphates, which indicates the predominance of physicochemical processes associated with the activity of compounds constituting ceramsite grains. In turn, nitrogen reduction (maximally to 21.3%) was -most of all -due to the deposition of organic matter and nitrates containing this element onto the bed. This seems to indicate a high assimilation activity of the biofilm using nitrate anions for metabolic processes, which may result in both conversion of N-NO 3 substrate to ammonium nitrogen and its incorporation into biomass as well as dissimilating reduction of nitrates to gaseous nitrogen in the process of denitrification.
According to various scientists ceramsite capability for phosphorus adsorption ranges from a few hundred mg P to a 12 g P kg -1 product, where the efficiency of the content of phosphorus sorbents such Fe, Al and especially Ca compounds increases (Vohla et al. 2007 (Vohla et al. , 2011 Zhu et al. 2003) . For sewage disposal, the effectiveness of phosphorus removal by solutions based on underground ceramsite filters is reported to range from 85 to 95% (Vohla et al. 2011) . Undoubtedly, it would be difficult to obtain such a level of effectiveness in a natural watercourse, however, in the case of river water treatment effectiveness of between 20-25% may be found satisfactory. In the experiment conducted on a (Łopata and Sternicki 2014) . In turn, investigations conducted by Sieńska et al. (2015) in the fractional-technical scale in an comparable installation demonstrated a similar effectiveness reaching 5-16%, as affected by the particle size of the expanded clay aggregate. The analysis of a correlation between the mass of the applied bed and the amount of phosphorus removed from the watercourse indicates that in the case of the modular installation (B) the capability for phosphorus sorption calculated for the entire experimental period reached approximately 4200 mg P kg -1 bed. In the case of the installation of ceramsite filters (A), the respective value was lower and reached 1167 mg P kg -1 after circa 170 days of monitoring, although the bed was not completely saturated throughout the experiment. These results seem to be very promising, but attention should be paid to the fact that they were obtained as the sum of effects of different processes, including both: physical (sedimentation of solid impurities containing phosphorus before the bed), chemical (the exact sorption), and biological (biofilm growth).
As shown above, both installations are capable of completing the assumed tasks. They reduce the load of biogenic substances and suspensions, thereby contributing to the reduced progress of eutrophication of receivers of the Młynówka watercourse waters, namely the Klasztorne Lakes in Strzelce Krajeńskie. Their effectiveness is similar. Considering the average percentage of reduction in the concentration of a given indicator, the effectiveness of filter work was as follows: 5-6% for total nitrogen, 12-16% for phosphorus, and 17-29% for suspended matter.
The final effectiveness of bed work is affected by many factors, the principal one being the hydraulic load of the bed. The bed size to water discharge ratio in the described experiment was unfavorably low and this was the main reason behind the lesser than expected final treatment effect. To optimize solutions of this type, attempts should be made in the future to construct a larger installation or to apply additional processes aiding the bed's work. Ceramsite is a highly desirable additive to soils and plant substrates. LWA improves the mechanical structure of the substrate and limits its clogging (Zhu et al. 1997) . Some part of phosphorus loading adsorbed on the surface of ceramsite granules can be assimilated by plants (Kvarnstrom et al. 2004) . It would, therefore, seem justifiable to identify situations in which planting hydrophilic plants on this type of bed would be beneficial. The over-ground parts of hydrophilic plants protect the bed's surface against algae growth, assimilate biogenic elements, and -significantly for the water space -increase its esthetic values (Jucherski and Walczewski 2012) . In turn, the underground part of the plants (rhizomes and roots) stabilize the near-surface layers of the bed against erosion, as well as release oxygen to the rhizosphere which aids biodegradation of organic matter and nitrification, as biogenic substances are absorbed. Plants that are most often applied in filtrationunderground beds include: great manna grass (Glyceria maxima), reed canary grass (Phalaris arundinacea), and common reed (Phragmites australis).
Conclusion
The results of the experimental work presented in this manuscript point to the high potential of expanded clay in the construction of elements for the active protection of natural waters, lakes in particular. In addition, its great availability in the country and moderate costs of its acquisition ensure the cost-effectiveness of installations of this type.
It is worth noting that having been saturated with phosphorus, ceramsite may find multiple applications. This material is a very desirable additive to soils and plant substrates because it improves ground structure, facilities aeration of root systems, and may be a carrier of nutrients for crops. Phosphorus adsorbed on the surface of ceramsite granules is easily assimilated by plants. Hence, after completed exploitation it may be treated not as an unwanted waste product, but as a product that increases the cost-effectiveness of agricultural and horticultural enterprises. Such a management of the bed seems to be fullyjustified from the perspective of the protection of natural resources and principles of sustainable exploitation of the natural environment.
